Timmann D. Impaired and preserved aspects of independent finger control in patients with cerebellar damage.
THE SIZES OF THE LATERAL CEREBELLUM and dentate nuclei have increased during the course of evolution. Whereas some explain the increase of the lateral cerebellum with contributions of the cerebellum to cognition, others see it primarily related to improved visuomotor skills, in particular hand use (Glickstein et al. 2011) . One characteristic of hand use in humans is the development of independent control of fingers. In contrast to the large number of studies examining the role of the primary motor cortex on independent finger use, very few studies examined the contribution of the cerebellum (e.g., Bastian and Thach 1995; Glickstein et al. 2005) . Given the close anatomic relationship between the pyramidal tract and the cerebellum, this is the more surprising. Classic work by Ugolini and Kuypers (1986) injected a retrograde tracer into the pyramidal tract at the level of the medulla. In addition to retrograde labeling of cortical cells that are the source of pyramidal tract fibers, they showed evidence for collateral fibers terminating on neurons within the pontine nuclei. These collateral fibers are the likely anatomic correlate of an efferene copy sent from the primary motor cortex to the cerebellum (Glickstein et al. 2005) . Because lesions of the primary motor cortex or corticospinal tract are followed by characteristic deficits in the control of independent finger movements (Lang and Schieber 2003; Lawrence and Kuypers 1968; Raghavan et al. 2006) , one may expect an equally devastating effect of cerebellar lesions on finger use.
However, although cerebellar patients exhibit known deficits in hand aperture while grasping an object (Haggard et al. 1994; Rand et al. 2000; Zackowski et al. 2002) , little is known about control of individual finger movements in multifinger tasks in cerebellar disease. Glickstein et al. (2005) found that cerebellar lesions led to impairments similar to lesions of the pyramidal tract in a task designed according to the classic task introduced by Lawrence and Kuypers (1968) . Patients were slow and clumsy in the use of individual fingers, particularly in thumb opposition. Bastian and Thach (1995) described similar deficits in two patients with cerebellar stroke. Patients used only the index finger (IF) instead of thumb and IF while pulling a coin out of a slot.
In the present study, two different tasks of individual fingerforce control were investigated in patients with cerebellar degeneration and patients with chronic focal lesions of the cerebellum. In the latter group, lesion-symptom mapping using subtraction analysis was used to identify cerebellar structures involved in impaired task performance.
In the first task, an instrumented object was grasped with a multidigit grip and lifted. During the static holding, either the IF or middle finger (MF) was actively lifted from the object. In this situation, a significant change and redistribution of the individual finger forces is needed to stabilize the object against slippage and avoid residual torque that may cause tilt of the hand. This new force distribution is achieved synchronously and without delay, suggesting feedforward anticipatory adjustments (Budgeon et al. 2008; Santello and Soechting 2000) .
Because of the known importance of the cerebellum to anticipatory motor control (Bastian 2006; Nowak et al. 2007; Wolpert et al. 1998) , cerebellar diseases may impair task performance.
In the second task, another aspect of independent finger control was tested. As in the finger-removal task, one finger was instructed to act. In this task, the action was force production, and the other fingers should remain inactive as far as possible. The "independent finger movement task" is wellstudied in patients with lesions of the motor cortex and of the corticospinal pathways (Lang and Schieber 2003; Raghavan et al. 2006) . Here, an isometric version of the task was employed to enable comparison with the finger removal task and to reduce potential effects of cerebellar ataxia. The same measurement device was used as a four-finger keypad where defined force changes of one instructed finger had to be produced. Different factors contribute to involuntary movements or forces of noninstructed fingers in such tasks ("force enslaving"; Häger-Ross and Schieber 2000; Kilbreath and Gandevia 1994; Zatsiorsky and Latash 2009 ): mechanical connections between finger tendons cause passive movements of adjacent fingers. Single motor units activate more than one finger due to the multitendoned extrinsic finger muscles. Likewise, diverging central control leads to coactivation of muscles and muscle compartments that serve different fingers. Movements of noninstructed fingers may, however, be alleviated by anticipatory motor commands to stabilize these fingers (Häger-Ross and Schieber 2000) . The production of individual finger forces may importantly depend on focused activation of individual fingers by corticospinal drives without a strong involvement of the cerebellum. However, the role of the cerebellum in individualized finger activation as well as in an anticipatory stabilization of noninstructed fingers is not clear.
In both tasks, anticipatory control may be a necessary requirement for successful task performance: in the finger removal task, neighboring digits should increase grasping flexion, whereas in the individual key-press task, neighboring fingers should decrease spillover flexion. Because the cerebellum is known to be important in anticipatory motor control, we expected patients with both focal and degenerative cerebellar disorders to show abnormalities in the two tasks. Motor representation is primarily localized within the anterior cerebellum. The involvement of the posterolateral cerebellum in (visuo)motor control is a matter of ongoing discussion (Glickstein et al. 2011; Manni and Petrosini 2004) . Therefore, findings may be different in patients with lesions of the anterior cerebellum (e.g., following stroke of the superior cerebellar artery, SCA) compared with patients with lesions of the posterior cerebellum (e.g., following stroke of the posterior inferior cerebellar artery, PICA).
MATERIALS AND METHODS

Subjects
Three groups of patients were included: 1) patients with cerebellar degeneration, 2) patients with chronic focal lesions of the cerebellum due to stroke, and 3) patients with chronic focal lesions due to surgery for benign tumors (Table 1) . Because of the different nature of the disease (more diffuse degeneration vs. focal lesion) and differences in age (young adults with tumor removal and middle-aged and old subjects with stroke and degeneration), patient subgroups were separated and compared with matched controls ). Because the anterior cerebellum is thought to be of primary importance in motor control (Stoodley and Schmahmann 2009) , the stroke patients were further subdivided in patients with lesions within the territory of the SCA and PICA.
The 1st patient group consisted of 22 adult patients (10 female, 12 male; mean age 54.6 Ϯ 13.2 yr; range 27-75 yr) with degenerative cerebellar disease. Eleven patients suffered from spinocerebellar ataxia type 6 (SCA6), 9 from sporadic adult onset ataxia (SAOA), and 2 from autosomal dominant ataxia type III (ADCA III, which is a pure cerebellar disorder with autosomal dominant inheritage and inconclusive genetic testing). SCA6, SAOA, and ADCA III are considered pure cerebellar disorders, which affect predominantly the cerebellar cortex (Klockgether 2007) . Twenty-two age-and sex-matched healthy subjects (10 female, 12 male; mean age 54.9 Ϯ 13.9 yr; range 28 -73 yr) without evidence of neurological or orthopedic deficits served as controls. All participants were right-handed, determined by the preference for writing and using utensils.
The 2nd and 3rd group consisted of a total of 41 patients (16 female, 25 male; mean age 41.7 Ϯ 18.8 yr; range 15-75 yr) with focal lesions of the cerebellum. Eight patients suffered from ischemic stroke in the territory of the SCA, 13 from stroke in the territory of the PICA, and 20 patients from chronic surgical lesions of benign cerebellar tumors. Thirty-eight age-and sex-matched healthy subjects (15 female, 23 male; mean age 43 Ϯ 20.3 yr; range 15-76 yr) without evidence of neurological or orthopedic deficits served as controls. Twelve out of 79 participants (6 patients and 6 matched control subjects) were left-handed, determined by the preference for writing and using utensils.
All patients and controls underwent a neurological examination by an experienced neurologist (D. Timmann or B. Schoch). The scale for the assessment and rating of ataxia ("SARA"; Schmitz-Hübsch et al. 2006 ) was used to score the severity of ataxia symptoms. Neurological examination included the assessment of proprioception (pallesthesia and joint position sense) and cutaneous sensation (light touch and pin prick). None of the patients had signs of extracerebellar involvement except hyperreflexia in the lower limbs and mild signs of pallhypesthesia in the lower limbs in some of the degenerative patients. None of the patients had signs of reduced somatosensation in the upper limbs. All subjects gave written informed consent before participation. The study was approved by the local Ethics Committee of the University of Duisburg-Essen.
General Procedure and Data Acquisition
Participants had to perform two tasks. Both the right and left hands were tested. Only the results for the ipsilesional hand in focal cerebellar patients and for the dominant hand (all subjects were right-handed) in patients with cerebellar degeneration are reported. In both tasks, a custom-made instrumented object was used (Fig. 1A) . The object was equipped with four force sensors on one side and one sensor on the other side (0 -100 N, accuracy Ϯ0.1 N, sampling rate 100 Hz). The vertical distance between adjacent sensors for the fingers was 24 mm. Grip force was produced against small disks of 15-mm diameter that were attached to each sensor and covered with 100-grit sandpaper. The thumb sensor (disk diameter 20 mm) was located in the middle of the sensor configuration opposite and between the MF and ring finger (RF) sensor. The horizontal distance between the surface of the thumb sensor and finger sensors was 43 mm.
All tasks were explained to the subjects. The whole experiment lasted ϳ30 min. The order of the tasks and the investigated hands were randomized and matched between patients and controls.
Task 1: Finger Removal
Procedure. For the first task, the custom-made object was equipped with an additional weight fixed below and in the middle of the sensor configuration so that no external torque resulted while holding the object. The total weight of the object amounted to 500 g. The total height was 115 mm (Fig. 1A) . All participants were seated in front of a (Fig. 1B) or the MF condition ( Fig. 1C ) from the object. The corresponding finger was named shortly before by the experimenter (approximately 1-1.5 s). A third tone after 3 more seconds indicated to replace the finger on the sensor and grasp the object again with all fingers and was followed by a fourth tone indicating to replace the object on the platform. In total, seven trials were executed for each finger. The sequence was randomized. Data analysis. The single trials were analyzed with custom-made software (GFWin). The following data points and corresponding force values were determined: 1) time of the start of the removal of the IF or MF obvious as a first decrease in grip force (start); 2) time of lift-off (off); 3) time 400 ms before time 1 (pre); and 4) time 500 ms after lift-off (post; Fig. 1D ).
Measurements of finger forces of the removed finger and each of the remaining fingers, sampled during the interval between time 1 (pre) and time 2 (lift-off), were subjected to pairwise regression analyses. The regression analyses based on the assumption that during the removal of one finger, other fingers compensate for the force loss by an anticipatory time-synchronous force increase. Consequently, a linear relationship with a negative slope was expected for at least some finger pairings (removing finger vs. other finger). The calculated linear correlation coefficients provide a measure of the precision of finger-force anticipation for each pair.
Forces of all fingers were determined for the characteristic time points (see above: 400 ms pre, start removal, lift-off, 500 ms post) and averaged across the seven trials produced by each participant in the two conditions, IF and MF.
For the patient group with cerebellar degeneration and the corresponding control subjects, the characteristic data points and the regressions were determined from average force traces of the seven trials by synchronizing the single traces to the time of removal.
To estimate object tilt in the absence of a direct measurement of object orientation, the following logic was employed: the normal force of the thumb (TH) and the sum of the normal forces of the opposing fingers must be equal when the object is vertical but is asymmetric when the object is rotated. Accordingly, the difference between the opposing forces was calculated, and any change of this difference during finger removal was taken as an indicator of object tilt
Statistical analysis. Analyses were calculated separately for the IF and MF conditions. Forces at the time 400 ms before lift-off were averaged across the IF and MF conditions since the lifting finger should not influence prior forces (as verified by lacking significant differences of finger forces before lift-off between conditions). Repeated-measures ANOVA were used with the between-subject factor group and the within-subject factors finger and time. The latter allowed for time course analyses. Paired t-tests were used for post hoc analysis with Bonferroni correction when necessary. For group comparisons, unpaired t-tests were used. A P value Ͻ0.05 was considered significant. The report of the results concentrates on main effects of interactions including the factor group since differences between patients and controls is of primary interest, whereas differences between fingers have been reported in previous studies of the task. Fig. 1 . Finger removal task: a custom-made instrumented object (A) equipped with 4 force sensors on 1 side and 1 sensor on the other side (0 -100 N, accuracy Ϯ 0.1 N) was used, and an additional weight was connected to the sensor (total weight 500 g). The object was grasped and lifted, and during the static holding either the index (B) or middle (C) finger was actively lifted from the sensor. D: finger forces of passive fingers were assessed at time of starting removal of the index or middle finger (start; 1), time of the removal (off; 2), time 400 ms before time 1 (pre; 3), and time 500 ms after removal (post; 4). F2, finger force; T, time. Patients are sorted according to group (tumors, stroke, and degeneration), disease, and age. Disease duration refers to time since surgery in cerebellar tumors, time since stroke in cerebellar stroke, and time since onset of ataxia in cerebellar degeneration. Severity of ataxia was rated with the scale for the assessment and rating of ataxia (SARA; Schmitz-Hübsch et al. 2006 ) with higher scores indicating more severe ataxia. Total SARA score and the sum of the 3 subscores of upper limb ataxia are given, and maximum scores are indicated in brackets. Note that SARA considers arm movements. Hand and individual finger control are not part of the clinical ataxia scale. Volumes of the cerebellum in patients with cerebellar degeneration are expressed as percentage of the total intracranial volume [%TICV, controls mean (SD) ϭ 9.0% (0.7%)]. PICA, stroke in the territory of the posterior inferior cerebellar artery; SCA, stroke in the territory of the superior cerebellar artery; SAOA, sporadic adult onset ataxia; ADCA III, autosomal dominant ataxia type III ( Procedure. In the second task, the same custom-made measurement device was used as a four-finger keypad fixed in a support on the table (Fig. 2A) . The forearm, wrist, and thumb were comfortably placed for each subject in the sagittal plane on the table. The participants were instructed to place all four fingers (no sensor for the thumb) on the force sensors (Fig. 2B) . The sensor for the LF was shifted 15 mm in the horizontal plane toward the arm to account for the shorter length of the LF. The participants were requested to perform regular and fast (but within their normal range of speed) force changes with one instructed finger while the other fingers should still contact their sensors but refrain from producing force. To define the force amplitude, a feedback was provided on a screen in form of a vertical bar (Fig. 2C) . The upper as well as lower force range were each indicated by two horizontal lines, which were present during the whole trial. Subjects were instructed to keep force change within this range. Accuracy was, however, not emphasized. Before each test, the experimenter demonstrated an example trial. In total, three trials with a duration of 8 s each were performed with each finger. The first trial for each finger served as practice trial (noninstructed fingers sometimes lost contact with the sensors during this trial) and was not included in the analysis.
Data analysis. To exclude effects during the start of force production, the first 500 ms of each of the trials were not considered for data analysis. To quantify the performance in the active (instructed) finger, a computer algorithm first searched for peaks (local maxima and minima) in the sinusoidal-like force profiles of the active finger. Then, force amplitudes were calculated between adjacent peaks and averaged. In addition, the mean force produced by the active finger during the 7.5-s interval was calculated. To quantify the magnitude of force changes in noninstructed fingers, the maxima and minima of each passive finger force were determined in a time window (Ϯ½ cycle time) around each active finger-force peak. The force amplitude of the passive fingers was calculated, averaged, and then related to the active finger-force amplitude. Additionally, the mean force of the passive fingers was calculated. Whereas the force amplitude of the noninstructed finger was considered to reflect phasic activation, the corresponding mean force level of the noninstructed finger reflects the average magnitude of the involuntary force increase strength and is considered the tonic component of noninstructed finger-force production.
Statistical analysis. To assess the group differences between finger force control, repeated-measures ANOVA were calculated with the between-subject factor group (controls and patients) and the within-subject factor finger. The factor finger consisted of either four active fingers or, to determine the force enslaving effect, the remaining three passive fingers in separate analyses for each active finger. To enable comparisons between the different patient groups while controlling for possible effects of age and sex, z-scores were calculated for each instructed/noninstructed finger pair by relating the individual patient's performance to the distribution of corresponding control subjects. Z-scores also enabled the averaging of different enslaving measures and across different fingers despite finger-dependent differences in magnitude.
Paired t-tests were used for post hoc analysis with Bonferroni correction when necessary. For group comparisons, unpaired t-tests were used. A P value Ͻ0.05 was considered significant.
Structural MRI. High-resolution three-dimensional (3D) T 1 -weighted MPRAGE scans were obtained for each patient, and the controls were matched to the degenerative patients. The images were acquired using a 1.5-T Siemens Espree MR scanner (Erlangen, Germany) in patients with focal lesions [recycle time (TR) 2,400 ms, echo time (TE) 3.63 ms, flip angle 8°, field of view (FOV) 256 ϫ 256 mm, 160 slices, voxel size 1.0 ϫ 1.0 ϫ 1.0 mm] and a 1.5-T Siemens Sonata MR scanner in degenerative patients and matched controls (TR 2,400 ms, TE 4.38 ms, FOV 256 ϫ 256 mm, 160 slices, voxel size 1.0 ϫ 1.0 ϫ 1.0 mm 3 ). Additionally, axial and sagittal two-dimensional T 2 -weighted images of the entire brain were acquired. MPRAGE and T 2 -weighted images were visually examined by an experienced neuroradiologist (E. R. Gizewski). None of the patients revealed extracerebellar signs.
MRI analysis in degenerative patients. For patients with cerebellar degeneration and their matched controls, a volumetric analysis of the MR images was realized with ECCET software (http://www.eccet.de) as described previously (Dimitrova et al. 2006; Richter et al. 2005) . The cerebellum was semiautomatically marked and then segmented with a 3D filling algorithm. Segmentation of cerebellar cortex and white matter was performed automatically using intensity contours (Makris et al. 2005 ). The cerebellar cortex was further subdivided into the medial (vermis), intermediate, and lateral cerebellum (for details, see Brandauer et al. 2008 ). The total intracranial volume (TICV) included brain and cerebrospinal fluid volumes extending caudally to the foramen magnum. Cerebral volume was calculated by subtracting the volume of the cerebellum from the whole brain volume (Dimitrova et al. 2006; Richter et al. 2005) . All volumes were expressed as percentage TICV. Volumes of the entire cerebellum, the cerebellar gray and white matter, as well as the volume of the medial (vermis), intermediate, and lateral cerebellum were reduced in cerebellar patients compared with control subjects (unpaired t-test; all comparisons, P Ͻ 0.01). Cerebral volume and the TICV were not significantly different between groups.
Correlations were performed between behavioral measures and volumetric MRI measures for patients with degenerative disease. Spearman correlation tests were used.
MRI analysis in focal patients. Focal lesions were drawn directly onto each patient's nonnormalized 3D MRI data set using MRIcro software (http://www.mccauslandcenter.sc.edu/mricro/mricro/index.html) and saved as region of interest (ROI). Spatial segmentation of the cerebellum and brain stem and subsequent normalization of the ROI was realized using a spatially unbiased infratentorial template of the cerebellum introduced by Diedrichsen (suit-toolbox, http://www. icn.ucl.ac.uk/motorcontrol/imaging/suit.htm; Diedrichsen 2006) in SPM (http://www.fil.ion.ucl.ac.uk/spm/software/spm5). Fig. 2 . Finger-force change task: the object was used as a 4-finger keypad (A) and fixed in a support on the table (B). Subjects repeatedly had to press and release 1 of the 4 fingers (except the thumb) between 2 predefined force levels (B). Coactivation of noninstructed fingers was assessed by evaluating involuntary force changes of these fingers.
For statistical analysis of focal lesions and behavioral parameters, the effects of lesions were evaluated using lesion map subtraction analysis performed by the MRIcron software. The logic and power of subtraction analysis of focal lesions is described in Karnath et al. (2002) . The lesion maps for all left-sided lesions were flipped along the midline (to the right). Patients were divided in subgroups depending on their behavioral performance. To create a group of unimpaired and impaired patients, z-scores were calculated and averaged for those parameters that showed consistent group difference comparing cerebellar patients and controls in a given task. Patients with average z-scores Ն 2 were considered impaired, and patients with average z-scores Ͻ 2 unimpaired. For each behavioral measure and each voxel, a patient's lesion is considered consistent for that voxel if the patient is impaired and the corresponding voxel is lesioned or if he/she is unimpaired and has no lesion in that voxel. MRIcron calculates the percentage of patients who are consistent for each lesioned voxel by taking the percentage of impaired patients with a lesion in that voxel and subtracting the percentage of unimpaired patients with a lesion there. This yields a value between 100% (all patients consistent) and Ϫ100% (all patients inconsistent). The lobules and nuclei from voxels, which were at least 40% consistent, were defined based on Montreal Neurological Institute (MNI) coordinates. A probabilistic atlas of the human cerebellum (Diedrichsen et al. 2009 ) was used in MRIcron to define the cerebellar lobules. The cerebellar nuclei were defined with a newly developed probabilistic atlas of cerebellar nuclei (Diedrichsen et al. 2011) .
RESULTS
Task 1: Finger Removal
Grip force magnitude. The sum of the forces of the four fingers and the force of the opposing thumb have to be equal to maintain equilibrium and have to be high enough to prevent slipping. Therefore, general grip force scaling was determined by calculating TH at the time point 400 ms before starting removal (pre) of the instructed finger (TH in Fig. 3 ). For the TH averaged across conditions IF and MF, a statistically significant increase was found for the patients with cerebellar degeneration ( Fig. 3I ; P ϭ 0.039) but not the patients with cerebellar stroke ( Fig. 3E ; P ϭ 0.683) compared with their matched control groups. In the patients with cerebellar tumors, TH tended to be larger than in the controls, but the difference did not reach significance ( Fig. 3A ; P ϭ 0.066).
Finger-force distribution pre and post lift-off. To quantify the distribution of forces across the four fingers opposing the thumb before lift-off (pre), the individual finger forces were averaged across conditions IF and MF and expressed as percentage of the momentary TH. In the control subjects, the distribution showed a similar proportion of IF, MF, and RF forces, and only the LF produced somewhat less force than all other fingers. The same pattern was found for patients with degeneration and cerebellar stroke (Fig. 3, B, F, and J) . The effects of finger were significant (P Ͻ 0.01 for all group comparisons). Importantly, no significant group or interaction effects were found in any of the group comparisons.
If one finger is removed, the missing force has to be rearranged between the three remaining fingers. Force rearrangement was assessed at 500 ms after removal and again expressed as percentage of the TH. Both the controls and the cerebellar patients showed a very similar pattern (Fig. 3, C and D, G and H, and K and L) : when the IF was removed, the MF exerted the most force and the LF the least force compared with all other fingers. When the MF was removed, again the LF took over the lowest force compared with all other fingers. The IF produced the most force. For both conditions and all group comparisons, a significant main effect of the factor finger was found (all P values Ͻ0.01). No group or group by finger interaction effects were found (all P values Ͼ0.1).
Finger-force anticipation and distribution before and during finger removal. To evaluate possible anticipatory force adjustments immediately before the removal, the first analysis included the time points pre and start (within-subject factor time). As obvious from Fig. 4 , only marginal force changes were apparent during this time interval. Nevertheless, a small increase of forces was present in most of the remaining fingers before the removal of IF or MF in both the control groups and the cerebellar patients. Accordingly, a significant time effect was observed for both the IF and MF conditions and in all group comparisons (P Ͻ 0.01). Group interaction effects indicating differences between patients and controls were not observed.
Separate analyses were calculated over the three time points following start of finger removal, that is the within-subject factor time consisted of removal start, finger lift-off, and 500 ms after removal. As shown in Fig. 4 , force changes of all fingers were largely restricted to the interval between start and end of the removal of either the IF or MF. Then, secondary adjustments took place, and the force distributions displayed in Fig. 3 were reached after 500 ms. Overall, the pattern of force changes in the remaining fingers in the IF and MF conditions did not differ between any of the patient groups and their matched control groups. There were no significant group interaction effects in any of the group comparisons (P Ͼ 0.08).
As a measure of the synchrony and the precision between the time courses of the force decrease of the removing finger and the force increase of each remaining finger, pairwise regression analyses were calculated between the two forces during the interval between time 1 (pre) and time 2 (lift-off). The r 2 regression coefficient was used to characterize the linearity and precision of the finger-force modulation for each pair. There were significant main effects of finger in the IF and MF conditions (P Ͻ 0.01 for all group comparisons). Post hoc analyses revealed that when the IF was removed, the MF and RF showed a precise synchronous modulation, whereas the IF and LF did so when the MF was removed (Fig. 5) . For both IF and MF conditions and for all group comparisons, no significant group or group interaction effects were found with one exception. PICA patients showed a reduced coupling for the MF-RF regression compared with SCA patients and controls. Consequently, for the MF condition, significant group (F 2,38 ϭ 5.12, P Ͻ 0.05) and group by finger interaction effects (F 4,76 ϭ 4.47, P Ͻ 0.01) were found. Finally, the possibility of different object tilt was investigated in patients and control subjects. Object tilt was not measured directly but was estimated from unequal forces between thumb and opposing fingers after finger removal (cf. MATERIALS AND METHODS). Indeed, a small increase of the sum of the forces of the remaining fingers over the TH was present at lift-off compared with the start of removal in condition IF (averaged difference in condition IF: Ϫ0.13 to Ϫ0.32 N in patient groups, Ϫ0.12 to Ϫ0.28 N in control groups; averaged difference in condition MF: 0.07-0.11 N in patients, 0.02-0.08 N in controls), indicating a small tilt in the direction of supination when the IF was lifted. Importantly, t-test of the force differences between the patients groups and corresponding control groups failed to indicate any group difference (P Ͼ 0.05).
Task 2: Finger-Force Changes
Active finger. The active fingers had to produce finger forces at a given amplitude defined by visual feedback, with a smooth time course and a moderate speed. To evaluate the performance of the active finger, the mean force, the force amplitude, and the number of maxima reached within trial duration (as a measure of cycle time) were assessed. Repeated-measures ANOVA were calculated with the within-subject factor finger (4 active fingers) and the between-subject factor group (patients' subgroup vs. matched control subjects). Only effects that include the factor group and indicate differences between patients and control subjects are reported.
For the degenerative group comparison, neither mean finger force nor force amplitude revealed any significant effect of group indicating that patients produced the same active finger forces as control subjects. However, patients produced fewer maxima than control subjects, that is they were slower in their force changes (F 1,38 ϭ 6.37, P Ͻ 0.05; patients 13.0 maxima, controls 16.5 maxima).
In the tumor group, no significant group differences or interaction effects were found for any variable indicating that active finger-force production was comparable in patients and control subjects.
In the stroke group, the maxima of force changes that were produced showed a significant interaction effect of finger by group (F 6,114 ϭ 2.73, P Ͻ 0.05). Post hoc tests revealed a significant difference in the number of maxima between control subjects and SCA patients for the active IF (P Ͻ 0.05). SCA patients reached 10.8 maxima in the IF and control subjects 13.8 maxima. Finger enslaving. To evaluate the degree of enslaving of the three noninstructed fingers, the mean forces and the relative force amplitudes (percentage of the active finger amplitude) were assessed. Repeated-measures ANOVA with the within-subject factor finger (3 passive fingers) and the between-subject factor group (patients vs. control subjects) were calculated separately for each active finger. The results are shown in Table 2 and Fig. 6 .
In the controls as well as in all patient groups, both the mean forces and the relative amplitudes of the noninstructed fingers depended on the combination between noninstructed finger and active finger. The highest force productions were obvious for the MF and the LF when the RF was active.
Degenerative patients were more affected by enslaving than control subjects. This was particularly clear for the mean finger force that revealed a main effect of group for each active finger (Fig. 6III, A-D) . Increased enslaving in degenerative patients was less obvious for relative amplitude. However, a main effect was detected for the active IF (Fig. 6IIIE) . For most other pairwise comparisons, patients produced higher relative amplitudes than control subjects (Fig. 6III, F Comparable with control subjects, patients with tumors revealed the highest involuntary mean finger force increases and relative amplitudes for the MF and the LF when the RF was active (Fig. 6I, C and G) . Stronger force production in patients compared with controls were found for both measures in all noninstructed fingers when the IF was active (Fig. 6I, A and E, and Table 2, Tumors). Inspection of mean values in Fig.  6 reveals clearly stronger force production in patients for nearly all fingers. However, due to the relatively large variability within the groups, the group effects revealed only a trend or failed to pass the level of statistical significance for comparisons other than for the active IF (Table 2 , Tumors).
In the stroke group, a significant main effect of group was detected for both measures when the RF was active (Fig. 6II , C and G, and Table 2 , Stroke). Post hoc testing showed that this was due to a stronger force production of noninstructed The mean forces and the relative force amplitudes (percentage of the active finger-force amplitude) were assessed to evaluate the degree of coactivation of the 3 noninstructed fingers: repeated-measures ANOVA with the within-subject factor finger (3 passive fingers) and the between-subject factor group (patients vs. control subjects) were calculated separately for each active finger. Trends are indicated in parentheses. Mean, mean forces of coactivated fingers; DAmpl, relative force amplitude of coactivated fingers; n.s., nonsignificant.
fingers in the SCA patients compared with the PICA patients and the control subjects (P Ͻ 0.05). Significant interaction effects revealed pathologically increased enslaving in particular fingers in the patients, such as increased force production of the noninstructed IF or MF when another finger was active (Fig. 6II, A-E) . In almost all comparisons, the SCA patients exhibited stronger force production in noninstructed fingers than the control subjects (all P Ͻ 0.05).
Averaged effects of finger enslaving. Averaging the force productions across noninstructed fingers and/or across active Fig. 6 . Finger-force change task: means and standard deviations of the mean forces (A-D) and the relative amplitudes (E-H) of the noninstructed fingers (separated for the active finger) in patients with cerebellar tumors (I; dark gray bars), patients with cerebellar stroke (II; medium gray bars), and patients with cerebellar degeneration (degen.; III; light gray bars) and matched control subjects (black bars). Significant differences between patients and controls are indicated by big stars (main effect of factor group), and post hoc tests of the significant interaction effects between group and finger are indicated by small asterisks. fingers would weight the fingers differently according to their average activation level. Therefore, z-scores of the patients' force productions were calculated for each noninstructed finger-active finger combination (see MATERIALS AND METHODS). The z-scores were then averaged across the noninstructed fingers for the conditions with the active IF and MF and further averaged across the two active fingers. We considered only the conditions with active IF and MF for consistency with the finger removal task that included only these two fingers (average z-scores for the combined IF and MF compared with all fingers were strongly correlated).
For the mean force of the enslaved finger, the analysis revealed group average z-scores of ϩ0.69 (SD 1.02) for patients with cerebellar degeneration, ϩ0.46 (SD 1.24) for patients with tumors, and ϩ0.68 (SD 1.67) for patients with cerebellar stroke (Ϯ1.51, SD 1.93 in SCA patients and Ϯ0.17, SD 1.31 in PICA patients). Thus tonic force change was highest in patients with degenerative disease and SCA patients. The corresponding average z-scores for the relative amplitude amounted to ϩ0.14 (SD 0.48) in patients with degeneration, ϩ0.84 (SD 1.50) in tumor patients, and ϩ0.68 (SD 1.51) in patients with cerebellar stroke (1.22, SD 1.84 in SCA patients and ϩ0.34, SD 1.22 in PICA patients). Thus phasic force changes were highest in tumor and SCA patients.
Lesion-symptom mapping. The data for phasic force changes of noninstructed fingers were selected for lesion-symptom mapping analysis. The individual average z-scores of amplitudes as described above were used as behavioral parameter.
In the patients with degenerative disorders, no significant correlations between average z-scores of amplitudes described above and the volumes of cerebellum and its subdivisions (normalized to TICV) were observed. Also, the tonic force change of noninstructed fingers, which was more increased in the degenerative cerebellar patients than phasic force change, did not reveal any significant correlation with a volume measure.
The average z-scores of amplitude for each individual patient was used to define normal vs. abnormal enslaving for lesion analysis in the patients with focal lesions. Subtraction analysis was separately performed in the patients with cerebellar stroke and tumors (see MATERIALS AND METHODS) . A cutoff of z ϭ 2 was used that classified 3 out of 20 patients in the tumor group as impaired and 5 out of 21 patients in the stroke group (3 out of 8 SCA patients, 2 out of 13 PICA patients). Two control subjects scored above z ϭ 2 in the tumor control group, none in the stroke control group.
In the group of patients with cerebellar stroke, patients with abnormal amplitude of noninstructed finger-force change were 60% more likely to have lesions within lobule VI of the intermediate and lateral cerebellar hemispheres than patients who presented with normal phasic force change levels. They were 41% more likely to have lesions within lobule V and 54% more likely to have lesions within Crus I. Furthermore, patients performing in the abnormal range were up to 60% more likely to have a lesion of the more lateral parts of the dentate nucleus (Fig. 7) .
In the group with surgical lesions, patients with abnormal amplitudes were up to 76% more likely to have a lesion of the interposed nucleus. They were up to 100% more likely to have a lesion in lobule IV of the vermal and intermediate cerebellum. Patients performing in the abnormal range were up to 61% more likely to have lesions in additional vermal areas (L. VI and L. VIIb and VIIIa). Notably, lesion site is quite different in the group of stroke and tumor patients. In the latter, lesions are more often in the vermis with various extensions to the intermediate cerebellum and more rarely to the lateral cerebellum, whereas in cerebellar stroke lesions affect more lateral parts, including both the lateral and intermediate cerebellum (Fig. 8) . The findings in the tumor patients must, however, be considered with care, since deficits were subtle in the patient group and only three patients performed clearly worse than the majority of the controls. In addition, also two controls subjects performed worse than cutoff.
DISCUSSION
Overall, abnormalities in the finger removal and individual finger press task were much less than expected in patients with cerebellar diseases. The main finding of the present study was Fig. 7 . Lesion-symptom mapping in the finger-force change task: subtraction of lesions between patients with impaired phasic finger coactivation and patients with unimpaired phasic coactivation in the group of patients with cerebellar stroke (top) and cerebellar tumor removal (bottom). Color code illustrates the likelihood that lesions are followed by disorders in phasic coactivation. Subtraction analysis data are mapped onto coronal sections of a probabilistic atlas template (Diedrichsen et al. 2009 ) of the cerebellar cortex and a recently developed probabilistic atlas template of the cerebellar nuclei (Diedrichsen et al. 2011 ).
an impairment of independent finger-force production. In the following, we will discuss this result and associated lesion location within the cerebellum as well as the findings of etiology-dependent grip force increases, normal grip force distribution among grasping fingers, and largely preserved dynamics during finger removal.
When the grip object was grasped and held stationary and vertically, the grip TH reflected the overall force use to stabilize the object against gravity. In patients with degenerative disease of the cerebellum, the grip force was higher than in control subjects. For patients with tumors, a grip force increase was only obvious as a statistical trend, and in patients with cerebellar stroke, no grip force increase was obvious. This gradient reflects the findings of previous studies. In particular, exaggerated grip forces is the typical outcome of studies of grasping and lifting in patients with cerebellar degeneration (Brandauer et al. 2008 (Brandauer et al. , 2010 Fellows et al. 2001; Nowak et al. 2002; Rost et al. 2005) . In patients with cerebellar stroke, grip force increases were only inconsistently observed (Fellows et al. 2001; Hermsdörfer et al. 2005) . No data have been available yet in patients with tumors. The present findings suggest a correlation between grip force increase and disease type or severity of ataxia symptoms. As pointed out previously (Hermsdörfer et al. 2004 ), grip force increases may at least partially be a strategic response and may have many causes. Whereas in patients with chronic focal lesions, upper limb ataxia is usually mild and well-compensated, cerebellar symptoms are generally more marked in slowly progressive cerebellar degeneration.
Apart from the mechanically determined condition that the sum of the opposing finger forces must equal the TH, the rotational torques produced by the individual finger forces must counterbalance each other to avoid object tilts (Kinoshita et al. 1995; Santello and Soechting 2000; Zatsiorsky et al. 2002; Zatsiorsky and Latash 2009) . The distribution of finger forces before lift-off reflected the reported findings. When one finger was removed, the finger forces had to be increased to maintain stability against slip and the force had to be redistributed to keep net torque zero. Removing the IF and MF induced force changes in the respective remaining finger and synchronized force changes in the RF and LF. The findings reflect previous results on IF and LF removal (Budgeon et al. 2008) .
Importantly, finger-force distribution was equal in all groups and in all finger configurations indicating that cerebellar diseases independent of etiology did not impair the selection of individual finger forces in multifinger grips according to the physical requirements of the task. Seemingly, this organization is achieved by different neural structures. The pyramidal motor system is a good candidate; however, no study in a corresponding patient group is available yet. Patients with Parkinson's disease show normal patterns in the distribution of finger forces according to physical demands (Rearick et al. 2002) , whereas patients with carpal tunnel syndrome and sensory deficits seem to be impaired (Johnston and Santello 2009 ). The dissociation between exaggerated overall grip force and preserved fingerforce distribution that was found in the patients with cerebellar degeneration points to separate control mechanisms of both aspects of finger-force control during object manipulation. Such a separation was already suggested from studies in healthy subjects and formulated in the "principle of superposition" (Shim et al. 2003; Zatsiorsky et al. 2004) .
Apart from the final outcome of force redistribution after the removal of one finger, the processes during the removal was of particular interest in the present study. It has been shown that the force decrease during removal is compensated by synchronous force increases in other fingers suggesting that the force increase is anticipatory and programmed in a feedforward manner to prevent transient mechanical perturbations (Budgeon et al. 2008; Santello and Soechting 2000) . Because of the known role of the cerebellum in anticipatory control (see Introduction), deficits were expected predominantly in this task aspect in patients with cerebellar disease. However, most findings did not confirm this hypothesis. The correlations between the decreasing force of the removing finger and the increasing force of the most-responsive remaining fingers were very high in both patients and control subjects, suggesting that both groups changed forces in synchrony. The only exception was a weaker correlation for the (less-responsive) RF during MF removal in PICA patients. Detailed analysis therefore did not reveal any clear evidence of impairments of dynamic finger-force control during self-produced (Diedrichsen et al. 2009 ) of the cerebellar cortex and a recently developed probabilistic atlas template of the cerebellar nuclei (Diedrichsen et al. 2011). changes of finger configurations in patients with cerebellar disease indicating that the cerebellum is not critically involved in these control processes.
Various, not mutually exclusive reasons may account for this negative finding. First, the particular feedforward process may be mainly controlled by noncerebellar structures. Task-specific involvement of the cerebellum in feedforward mechanisms is also evidenced by other findings in finger-force control. Thus impaired anticipatory grip force control during movements of grasped objects (Babin-Ratte et al. 1999; Brandauer et al. 2010; Nowak et al. 2002; Rost et al. 2005 ) is in contrast with normal grip forces in anticipation of the expected size-weight relationship of a grasped object ). Admittedly, this dissociation would, however, rather predict deficits in the present task consisting of self-generated finger removal. Yet, task-specificity is emphasized by the fact that many of the patients with cerebellar degeneration tested in the present study (n ϭ 22) have participated in previous studies by our group showing unimpaired (Rabe et al. 2009: 8/22) or impaired (Brandauer et al. 2010: 17/22 ) anticipatory grip force control. Another explanation would be that finger removal does not need any feedforward calculation for the force change of the remaining fingers because it is already part of the motor program. Such a conception would view the whole process as a synergy with highly coordinated activity in the different effectors (Bernstein 1967; Maier and Hepp-Reymond 1995; Martin et al. 2011; Scholz and Latash 1998) . Indeed, removing and replacing of individual fingers is needed whenever an object is moved in the hand. It is therefore a highly overlearned and automatized motor activity. This highly overlearned synergy may not be controlled by the cerebellum. Evidence for other neural structures is, however, lacking. Deficits of dynamic finger-force distribution in multifinger tracking tasks have been observed in elderly persons and patients with Down syndrome (Olafsdottir et al. 2008; Scholz et al. 2003) . Finally, neural reorganization in the chronic patients may have successfully compensated for a formerly cerebellar function by extracerebellar brain structures. In particular, the corticospinal system, with its known importance in finger-force control, may have the capacity to compensate for the deficits.
Different from the finger removal task, in the individuated key-press task, abnormalities of independent finger-force productions were observed in each clinical subgroup tested. Lesionsymptom mapping in the stroke patients revealed that the known superior hand area (lobules IV-VI with extensions to Crus I) is of particular importance (Grodd et al. 2001; Rijntjes et al. 1999) . Both the intermediate (that is interposed nuclei) and lateral (that is dentate nuclei) cerebellum appear to contribute.
Mechanical explanation such as mechanical coupling between fingers or activation of more than one finger due to the multitendoned compartmentalized long finger muscles (see Introduction) cannot account for the findings since the effects should have been equal in patients and control subjects. However, an increased spread of descending muscle commands in patients compared with control subjects could be responsible for the finding. Although this aspect of selective control, in particular for the fingers, is usually associated with the corticospinal system, its collateral pontine connections with the cerebellum clearly support a cerebellar contribution (Glickstein et al. 2005; Ugolini and Kuypers 1986) . Alternatively, feedforward mechanisms in suppressing motor activity in noninstructed fingers may also be important in limiting coactivation in healthy subjects (see Introduction, Häger-Ross and Schieber 2000). A deterioration of the cerebellar contribution to such a feedforward command in the patients could explain an increased enslaving.
Finger typing has much in common with the individuated finger key-press task that can therefore also be considered a highly practiced and automatized motor activity. So why did we see impairment in this task but not the finger removal task? If prediction is of relevance, the predictive suppression of motor activity may be more demanding than predictive increase of motor activity. A strong dependency of the type of finger interaction from the task was also emphasized by Latash and coworkers (1998) on the basis of findings in healthy subjects. These authors distinguished enslaving in tasks with voluntary activation of a single finger from an interaction mode characterized by negative covariation (or error compensation) in tasks that required the maintenance of a constant force during tasks of voluntary or involuntary replacement of individual digits Li et al. 2003; Martin et al. 2011) . The latter task may reflect a preexisting synergy associated with total force stabilization.
In conclusion, despite the large and diverse patient sample, surprisingly few abnormalities were observed in two tasks examining independent finger control. Whereas increased finger forces in the finger lifting task most likely reflect an unspecific safety strategy, increased effects of enslaving in the individuated key-press task may be explained by a deterioration of cerebellar contribution to a feedforward command necessary to suppress activity in noninstructed fingers or by an increased spread of the motor command intended for the instructed finger. Both holding an object and finger typing are overlearned, automatized motor activities that may not or little depend on the integrity of the cerebellum. Focused activation or deactivation of individual fingers and preexisting synergies provided by corticospinal drives may be most important.
